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Abstract 
In 1999, during rebuilding and modernization of the one of the main streets in Kielce (Poland) it has been placed SMA wearing coarse 
layer with the hydrated lime. SMA mixture contained 6.2% of D70 bitumen (currently 50/70) and 4% SBS polymer labeled as Kraton 
1101 CM. Hydrated lime was dosed into SMA mixture to replace 30% of filler mass. Pavement surface condition after 12 years of service 
life was very good. In 2011 bitumen, extracted from SMA, tests were made. The tests covered bitumen samples which contained the fatty 
amine and the hydrated lime as a adhesive agent. Bitumen samples were obtained from SMA wearing course layer at the site of the rut 
and out of the rut. On the basis of the rheological properties the recovered binder with hydrated lime had a positive effect on reducing 
aging process of bitumen 50/70 modified with SBS polymer in SMA mixture giving the increase in resistance to the water and frost 
effect. 
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1. Introduction 
As a result of long-term operation there is the lowering of the surface durability. There are raveling of grain aggregates, 
mastics, arising many different types of cracks as well as the permanent deformation and a loss of water and frost resistance. 
The one reasons is the process of aging. It is associated with changes in the properties of the aggregate but also it could be 
ascribed to the binder during the service life [1].  
Asphalt binder aging process is mainly caused by the impact of the high temperature during transport to the 
petrochemical plant, producing asphalt, its storage, transport, and placing of the mixture, as well. It should be noted that the 
aging of the bitumen depends on influence of numerous external factors such as: sunlight, temperature change, free oxygen, 
hydrogen peroxide carried by rain water, nitrogen oxides, and freezing and thawing cycles, and salts used for winter road 
maintenance [2], [3]. In order to evaluate the intensity of the binder aging the laboratory procedures have been elaborated 
such as the best known RTFOT and PAV method. They are able to simulate the aging process in pavement. 
Changes in the bitumen properties, that occur during the aging process, significantly reduce the surface durability, 
therefore, many studies are conducted looking for modifiers/additives to the bitumen, which will be able to reduce the 
intensity of the aging process [4–6]. One of such materials may be the hydrated lime and the first attempts of application in 
the hot mix technology dates back to early twentieth century [7]. However its impact is not fully recognized [8]. The 
hydrated lime was used primarily as a mineral adhesive agent [9]. They were also carried out laboratory tests on the impact 
of the aging of the hydrated lime on the neat bitumen [5, 7, 10]. Carrying SMA mixtures modified with SBS polymer into 
effect has led to studies associated with the influence of the hydrated lime to such bitumens [11].  
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Full evaluation of the impact of the hydrated lime as the anti-aging agent is possible only when the research will be 
carried out on the recovery binder that are extracted from SMA layer comprised of the hydrated lime. It is necessary for a 
long service life of SMA. 
2. Properties of recovered bitumen of SMA layer after 12 years service life 
In 1999, during the modernization of one of the main streets in Kielce (Poland) it has been placed SMA mixture with the 
addition of the hydrated lime (HL) and reference fatty amine agent in an amount of 0.5% by mass of bitumen (A) [15]. 
SMA surface was weighted down with KR4 (336-1000 ESEL) traffic load. The SMA mixture contained 6.2% with D70 
bitumen (currently 50/70) at 4% SBS polymer labeled SBS Kraton 1101 CM. The 30% of the present filler was replaced by 
the hydrated lime in SMA mineral mix. SMA layer during the operation period was in very good condition and did not show 
the raveling of aggregate grains, bitumen or mastic voids and did not brought out any symptoms of damages caused by 
water and frost effect. In 2011, the studies have been made with the recovered binder coming from SMA surface layer 
mixtures of the hydrated lime and the fatty acid amine additive. All samples were taken from the rut and out of the rut.  
It should be noted that the maximum the rut depth in SMA did not exceed 4 mm. In studies were used only the top layer 
of 2.0 cm thick SMA containing the binder which was mainly exposed to the aging process. Using the binder recovered 
from the SMA surface after 12 years service life the following properties were considered: penetration grade at 25 °C, 
softening point, temperature, breaking point temperature, elastic recovery test including the ductility. The secondary scope 
of tests considered determining changes in rheological properties of the bitumen expressed by WBN binder aging factor was 
presented using the following formula:  
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where: BPAGENING – the value of tested recovered bitumen parameters after aging process of SMA, BPC – the value of tested 
bitumen parameters before building into SMA (reference value). 
The change of the characteristic of the recovered bitumen comprising the hydrated lime SMA (HL) and the fatty acid 
amine (A) as a result of aging are shown in Fig. 1. 
Analysis based on the results of the bitumen after 12 years of service life in SMA it can be note that the aging occurred 
as a result of interaction of oxidation, solar radiation (UV) and other climatic factors. The intensity of the bitumen aging 
depends on adhesive additive content used in SMA (hydrated lime, fatty acid amine) and localization of specimens 
sampling. It can be found that the bitumen extracted from the SMA mixture localized in the rut (RD) is characterized by a 
smaller change in WBN parameter in comparison to samples taken from out of the rut. It can be concluded that the binder in 
surface layer is subjected to cyclic loading and unloading process due to traffic. However, in SMA surface unloaded there 
are only destructive processes. 
The great impact of the aging process on the bitumen was revealed for the breaking point temperature. After the 
operation period the breaking point temperature of the bitumen with the fatty amine out of the rut constituted 68.8% of the 
initial breaking point temperature and in the rut it was 72.3%. However, when hydrated lime was used, the breaking point 
temperature (Fraass temperature) decreased only to 77.6% for samples out of the rut and 81.2% for samples in the rut of 
SMA. Intensive aging process was observed in penetration grade changes of the recovered binder. The recovered bitumen 
after 12 years of service life of SMA with the hydrated lime obtained a penetration grade in the range from 83.6% to 81.3% 
depending on the place of sampling in reference to the its initial value. In case of the mixture with the fatty acid amine 
content the penetration grades value occurs in the range of 70.8% to 74.5% depending on the sampling of the bitumen. The 
smallest change in the parameter values were observed for the bitumen softening point temperature. The recovered bitumen 
with the hydrated lime obtained the softening point temperature value in the range from 10.8% to 12.7% in relation to its 
initial value. However, change in the softening point of the bitumen with the fatty acid amine is in the range from 18.6% to 
21.9% of the initial value. 
It should be noted, however, that changes in the evaluated parameters are not large. The most likely reason why is the 
type of neat bitumen which was obtained from the crude oil comes from Russia. It contains a large amount of the saturates 
in relation to the asphaltenes. The smaller influence of the aging process on the bitumen properties was registered in the 
bitumen with hydrated lime. The hydrated lime acts as an antioxidant. However, the fatty acid amine was subject to the 
aging process as the binder. Therefore, there is a synergistic effect of SBS polymer modifier and the adhesion agent in terms 
of the intensity of the aging. 
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a) 
b) 
c) 
d) 
Fig. 1. Changes in properties of recovered bitumen extracted from SMA after 12 years service life; 
 a) P penetration grade – aging ratio, b) TR&B softening point temperature – aging ratio, c) TFraass Fraass temperature  
(breaking point temperature) – aging ratio, d) V elastic recovery – aging ratio 
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I also was observed the smaller change in the elastic recovery of the bitumen with the hydrated lime. Thus, SMA layer 
comprised the hydrated lime remained more resistant to the cyclic traffic impact in comparison with application of the liquid 
adhesive agent. 
Therefore it can be concluded that SMA with the hydrated lime will be more resistant to the water and frost and forming 
permanent deformations as well than the bitumen with the liquid adhesive agent. SMA mixture designated for surface layer 
modified with the hydrated lime will suffer less damage (from traffic) than using the fatty acid amines in the bitumen [12]. 
An important parameter that characterizes rheological properties of the bitumen is the penetration index PI = f (TPiK, 
Pen) which uses following parameters such as: the penetration grade, the softening point temperature of the bitumen and it 
can be drawn as the formula: 
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RB   (2) 
where: TPiK – softening point temperature, °C, P – penetration grade at 25 °C, 0,1 mm 
The test results of the penetration index measurement in aspect of using of the hydrated lime and the fatty amine acid and 
also the sampling localization of SMA were presented in Fig. 2. 
 
Fig. 2. The graph of penetration index measurement in aspect of sampling localizations 
Recommended value for the binder's PI according to the requirements of U.S. is in range from –1.5 to 0.7. This interval 
of the penetration index provides a good compromise between the behavior of the bitumen at low temperatures and the 
required stiffness in operating temperatures. It should be noted that the presence of the fatty amines liquidates the bitumen 
and triggers the change to rheological kind of the bitumen towards the “sol” type. This type of the binder presents excessive 
sensitivity to the effect of forming permanent deformation of the pavement. In the case of the recovered binder with the 
hydrated lime it have been observed the reduction in the shear stress compliance of SMA. Therefore SMA contained the 
bitumen modified with hydrated lime will be more resistant to the formation of permanent deformation – the ruts. 
It should be noted that the penetration index depends on the binder sampling localization. The bitumen samples taken 
from the rut exhibited a smaller penetration index value than samples cored from out of the rut. 
The hydrated lime has influenced on the aging process of the bitumen samples and ensured a grater rut resistance and 
also the resistance to climatic factors [12].  
3. Spectroscopic analysis of the recovered bitumen form SMA 
The aging process of the bitumen in terms of its chemical transformation is the result of interaction of molecules of 
atmospheric oxygen and bitumen constituents [13]. The energy supplied in the form of solar radiation invokes radical. In 
this case polar compounds may react with other compounds. Therefore free radical reactions lead to the polymerization, 
resulting in the increase of the bitumen molecular weight and in consequences the increase in stiffness of the bitumen. 
The basic reactions that may occur in the bitumen during aging process were listed below: 
• dehydrogenation – relies on removing the hydrogen from naphthenic rings, aromatization of their structures causing the 
increase in its molecular weight followed by condensing aromatic ring, 
• oxidation of carbon to the carbonyl group, 
• oxidation of alkyl sulfides to sulphoxides, 
• formation of organic acids. 
The most important products of oxidation are ketones and sulfoxides. They dominate in the first stage of the oxidation in 
the bitumen aging process. After oxidation of the majority sulphoxide the benzylic carbon is oxidized. Therefore a very 
important aspect of the analysis was the evaluation of the carbonyl index. Operational assessment of the aging process of the 
bitumen recovered from SMA surface layer was carried out based on spectroscopic analysis, which resulted in transmittance 
spectra graphs. Spectroscopic studies use infrared radiation. The light radiation use wavelength in the range from 780 nm 
-1,00
-0,50
0,00
A-RD A-N HL-RD HL-N
P
e
n
e
tr
a
ti
o
n
 
in
d
e
x
[-]
428   Marek Iwański and Grzegorz Mazurek /  Procedia Engineering  57 ( 2013 )  424 – 432 
(the end of the visible spectrum) to 1 mm (the start of the microwave spectrum). In practice, the experiment was performed 
in the mid-infrared region from 2.5 μm to 25 μm, that yields the wave number from 4000 cm
–1 to 400 cm–1. As the 
measuring technique was used the transmission. The measure of the absorption of radiation of certain wave number was the 
transmittance. The study was performed by placing the bitumen sample between two plates. Spectral analysis was 
performed on the basis of the study [14]. Different types of aging index ranges are based on the characteristic wave numbers 
for the various functional groups of bitumen compound. Specific indexes based on the relation between characteristic peak 
area of the spectrum to the surface area of all spectrums. Structural ranges were set as follows: 
• Karbonyl index – A700cm–1/ ΣA, 
• Aaliphatic index – (A1460cm-–1+ A1376cm–1)/ ΣA, 
• Aromaticity index – A1600 cm
–1/ ΣA, 
• Sulphoxide index – A1030cm–1/ ΣA, 
• Trans-butadiene index – A965 cm
–1/ ΣA, 
• The sum of the area represents: – ΣA= A700cm
–1+ A1600 cm
-1+ A1460 cm
–1+ A1376 cm
–1+ A1030cm
–1+ A846 cm
–1+ A814 cm
–1+  
A743 cm
–1+ A724 cm
–1 + A965cm
–1. 
Spectroscopic analysis on example of a graph of transmittance spectra of the recovered binder from SMA with the 
hydrated lime (HL) taken from the rut (RD) is presented in Fig. 3. 
 
Fig. 3. Chart transmittance of the recovered binder from SMA with hydrated lime in the rut (RD-HL) 
However, visual interpretation of the bitumen aging indexes are presented in Fig. 4. 
 
Fig. 4. Bitumen aging indexes extracted from SMA layer 
The results of average indexes value of the aged bitumen, in terms of localization, pointed out some diversification. The 
level of bitumen aging process in samples localized in the rut using both additives is similar. However, the sample of the 
bitumen taken from out of the rut are different. In general, bitumen samples with the amine additive aged faster than the 
bitumen samples with the hydrated lime (high carbonyl index and low trans-butadiene index). Those test results indicate that 
the aging process of the bitumens is the complex process. 
Spectroscopic studies of the binder recovered from the surface were allowed to make the comparison of aging effect of 
two additives. At first it should be noted that indexes of aromatic and sulfoxides are higher in samples with the fatty amine. 
Undoubtedly, an important is the result of the level of the carbonyl index which is lower in the case of application of the 
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hydrated lime into the bitumen than the fatty amine. In the course of time many constituents of the bitumen converted into 
asphaltenes, which causes hardening of the bitumen making the bitumen more brittle. This fact is related to the level of the 
carbonyl index. The hydrated lime, as previously mentioned, has a strong affinity to the acidic components of the bitumen. 
This phenomena will delay the process of aging in the pavement extending its period of life [15]. The use of the hydrated 
lime will permanently delete oxidation promoters present in the bitumen and also polar molecules that react with 
asphaltenes affecting the carbonyl index results. Limiting the number of aromatic compounds and sulfoxides decline in the 
rise of the molecular weight of bitumen and limits aromatic polycondensation process of the bitumen. Lower levels of the 
carbonyl index reduces the viscosity of bitumen and its breaking point temperature. The lower level of aromatic compounds 
and a lower level of carbonyl groups make the compound of the bitumen and the hydrated lime more compatible and 
homogenous in opposite to the fatty amine application. 
The effect of changes in these indexes leads to physical changes in the bitumen causing the increase its stiffness and 
makes it more brittle. To evaluate the effect of the adhesive agent on the aging of the bitumen extracted from SMA the 
analysis of variance was made. Results of distribution of indexes versus the type of adhesive agent were presented in Fig. 5. 
a) Type of index=carbonyl index
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Fig. 5. The influence of type of additive on: carbonyl index (a); sulphoxide index (b); trans-butadiene index (c) 
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It should be noted that the level of the average value of the carbonyl index for the recovered binder with the hydrated 
lime is lower in comparison to the bitumen with the fatty amine. However, dispersion of test results is higher and it does not 
give a clear differentiation between the average results of these two additives. With respect to the index sulphoxide presence 
of the hydrated lime it significantly reduced the level of this index. Evaluation of trans-butadiene index pointed out a higher 
level of this parameter in the case of application of the hydrated lime in SMA. In consideration of above observations it 
should be noted that the increase in the carbonyl index results in reduction of the butadiene index. Observations clearly 
indicate, regardless of the level of carbonyl index value, that the aging process much faster proceeded in the bitumen with 
the addition of fatty amines. On the one hand, the degradation of the polymer chains in SBS bitumen, with the addition of 
fatty amines, makes the bitumen homogeneous. On the other hand bitumen modified with a fatty amine loses its elastic 
properties caused by the increase in aromatic index value (condensing) that level was twice a time higher when situation the 
hydrated lime was used. In this situation excessive levels of aromatic structures leads to their excessive condensation. This 
type of phenomenon will reduce the mobility of the bitumen components and decreased breaking point temperature of the 
bitumen. The evaluation of the influence of additives on value of indexes were presented in Table 1. 
Table 1. The evaluation of the effect of additive on considered indexes 
Effect 
Univariate Tests of Significance for indexes (Over-parameterized model  
Type III decomposition 
carbonyl Trans-butadiene sulphoxide 
p-value 0,245566 0,053164 0,400980 
 
Analysis of variance revealed a significant effect of type of additive on the index butadiene. Based on the analysis results 
it can be concluded that a low level sulphoxide index and carbonyl index in the bitumen with hydrated lime advocates for 
lower intensity of the aging process in comparison with using the fatty amine agent in the bitumen (in SMA). 
4. Water and frost resistance of SMA 
The quality of the bitumen plays a very important role in ensuring the sustainability of SMA layer in terms of its 
resistance to the water and frost [16]. The bitumen which has suffered less change as a result of the aging process ensured 
greater durability of the pavement SMA. In order to assessment of resistance to the water and frost of SMA cored samples 
two method tests were made. The first of them was method conducted according to EN 12697-12 encompassed WT-2/2012 
[17] guidelines. The second one was adopted method that relied on determining of the index TSR (after 6 cycles of curing). 
This procedure consists of freezing of samples for 15 hours at a temperature of –18 °C and subsequent thawing at 60 °C for 
24 hours according to the method [18]. It should be noted that the test was performed on samples taken from the surface 
layer, thus compaction ratio corresponds to the samples built into SMA. 
The average values of resistance to water TSR, ITSR of SMA layer consisted of the hydrated lime (HL) and the fatty 
acid amine (A) localized in the rut (RD) and out of the rut (N). Test results were presented in Fig. 6. 
 
a) b) 
Fig. 6. Water resistant parameters of SMA, a) ITSR, b)TSR 
95,2
93,9
91,7
92,3
89
90
91
92
93
94
95
96
HL-RD HL-N A-RD A-N
Type of SMA pavements
IT
S
R
 [
%
] 0,85
0,82
0,84
0,88
0,78
0,81
0,84
0,87
0,9
HL-RD HL-N A-RD A-N
Type of SMA pavements
T
S
R
431 Marek Iwański and Grzegorz Mazurek /  Procedia Engineering  57 ( 2013 )  424 – 432 
Analyzing the water resistance results of samples with the hydrated lime and the fatty acid amine according to PN-EN 
12697-12 it can be concluded that the type of adhesive played a very important role in ensuring the sustainability of SMA 
surface layer. It should be noted that the required value of the ratio in accordance with ITSR (WT-2/2012 guidelines) should 
be at least 90%. SMA surface layer with the hydrated lime located in the rut (RD) was characterized by very high values of 
ITSR and amounted to 95.2%. The car traffic caused the surface layer additional compaction that resulted in increasing in 
ITSR ratio. However, resistance to the water values of samples, described as a normal (N) of SMA layer, with the hydrated 
lime is slightly smaller, because the value of the ITSR ratio is 93.9%. The greater lever of compaction ratio had a beneficial 
influence on retaining requested the water resistance. In the same way it had a bearing on the aging process.  
Results registered for SMA containing the fatty acid amine was distinguished from use the hydrated lime. More resistant 
to the effects of the water were samples located out the rut which ITSR ratio value amounted to 92.3% and it is higher than 
samples cored in the rut (ITSR = 91.7%). It proved that the beginning of destruction process of SMA took place in the rut. 
TSR ratio values of SMA which contains the hydrated lime and the fatty acid amine are greater than the desired value of 
0.80 [18]. It should be noted that the SMA is characterized by such ratio level after 12 years of service life when it was 
subjected to the destructive influence of climatic factors. The value of TSR = 0.80 is specified for the new SMA mixtures 
performed in the laboratory. Therefore it can be concluded that SMA layers containing hydrated lime and fatty acid amine 
after 12 years are still resistant to climatic factors. 
Analyzing of values of TSR ratio in terms of use of the adhesive agent (hydrated lime, fatty acid amine) proved that there 
was a similar relationship as in the case of ITSR ratio in accordance with PN-EN 12697-12. The largest resistance to the 
water and frost (TSR) had samples with the hydrated lime localized in the rut (TSR = 0.88). Lower value of TSR ratio was 
registered for SMA with the hydrated lime out of the rut (TSR = 0.85). SMA layer in the rut with the hydrated lime is much 
more resistant to the effect of the frost and water. This phenomena is in opposite to application of the fatty amine. 
Analyzing of the test results it can be clearly concluded that presence of the hydrated lime in the bitumen slowed down 
the aging process and additionally caused the increase in adhesion and the water and frost resistance.  
5. Conclusions 
Based on test results of the recovered bitumen comprising the hydrated lime and the fatty amine as well as the 
spectroscopic analysis after 12 years service life the following conclusions can be drawn: 
• the hydrated lime incorporated into the bitumen D70 (currently 50/70) contained 4% of SMS polymer slowed down the 
aging process of SMA during 12 years service life in comparison with application of the fatty amine, 
• the aging process of the bitumen with the hydrated lime is distinct from use of the fatty amine. Samples of SMA with the 
hydrated lime taken from the aged slower than with the fatty amine. The interaction between effect of the hydrated lime 
and relaxation of the bitumen were registered, 
• the hydrated lime favorable influences on the trans-butadiene index and the sulphoxide index of the recovered bitumen 
from SMA during 12 years service life in comparison with use of the fatty amine,  
• decreasing of the rate of the aging process of the bitumen with the hydrated lime contributed a higher level of the 
adhesion and also affected the durability of SMA after 12 years service life, 
• the hydrated lime acts as an anti-oxidant and in parallel it decreases the stiffness of the bitumen (for combination: 
bitumen D70 + 4% SBS polymer) of SMA providing required resistance to the water and frost during 12 years of service 
life, 
• the collection of test results performed for the recovered bitumen extracted from SMA after 12 years service life of SMA 
confirmed the beneficial effect of the hydrated lime on the properties of the bitumen D70 (currently 50/70). Therefore, it 
can be formulated the recommendations for the common application of the hydrated lime for the bitumen modified with 
the polymer of SMA.  
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